The atmospheric response to the spring Kuroshio Front over the East China Sea is investigated using a suite of high-resolution satellite data and a regional atmospheric model. The atmospheric response appears to extend beyond the marine atmospheric boundary layer, with frequent occurrence of cumulus convection.
Introduction
The East China Sea is one of the largest shelf seas of the world. It is surrounded by the Asian continent to the west and north and the Korean Peninsula and Ryukyu Islands to the east. Supporting heavy shipping, fishing, and oil-drilling activities, it is of great economic and climatic importance for the half billion people living in its coastal regions. The Kuroshio, a western boundary current of the North Pacific subtropical gyre, enters the East China Sea east of Taiwan, flows northeastward along the continental slope, and then back into the North Pacific south of the Island of Yaku-shima, Japan. This current carries warm/saline water from the tropics and is visible as a warm tongue in the sea surface temperature (SST) field between the continental shelf and Ryukyu Islands in winter and spring. A sharp SST frontthe Kuroshio Front-forms between the warm Kuroshio and the cold shelf water.
There is extensive literature on SST frontal effects on the overlying marine atmospheric boundary layer (MABL; see reviews by Chelton et al. 2004; Xie 2004; Small et al. 2008; Chelton and Xie 2010) . In particular, recent highresolution satellite measurements provide new insights into the ocean-atmosphere interaction over SST fronts. For example, the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) indicates that surface wind speed increases over the Kuroshio Extension (KE) warm meanders while it decreases over detached cold eddies in spring (Nonaka and Xie 2003) . This inphase relationship between SST and surface wind speed indicates an oceanic-to-atmospheric influence. Based on observations of surface winds by the Quick Scatterometer (QuikSCAT) satellite, similar covariability of SST and surface wind speed is also observed in the eastern Pacific tropical instability waves (Liu et al. 2000; Hashizume et al. 2001) , the winter Kuroshio in the East China Sea , the Kuroshio south of Japan (Xu et al. 2010) , the Gulf Stream (Chelton et al. 2004; Xie 2004) , the Agulhas Return Current (O'Neill et al. 2003 (O'Neill et al. , 2005 , and the Brazil-Malvinas Currents (Tokinaga et al. 2005) . Wallace et al. (1989) proposed the following vertical mixing mechanism for such an in-phase SST-wind relationship: on the warmer flank of the front, the surface atmosphere is unstable and the intensified vertical mixing transfers large momentum from above to accelerate the surface wind. Direct atmospheric soundings and satellite observations provide some support for this vertical mixing mechanism Tokinaga et al. 2006; O'Neill et al. 2005) . However, the change in stratification is also expected to affect the momentum exchange to the surface, thereby the surface stress and surface roughness. This complicates the interpretation of the scatterometry data used in many of the above studies (Monahan 2008) .
More recent studies show that atmospheric response can extend well into the free troposphere near sharp SST fronts. Minobe et al. (2008) demonstrated that surface wind convergence, enhanced evaporation and rain, deep ascent in the midtroposphere, and frequent occurrences of high cloud tops appear just over the Gulf Stream current axis. Minobe et al. (2010) also observed two types of atmospheric response to the Gulf Stream SST front with different seasonality and spatial distribution: a shallowheating mode dominating the Gulf Stream proper in winter and a deep-heating mode over the Florida Current and the western Gulf Stream proper in summer. Kuwano-Yoshida et al. (2010) investigated the precipitation response to the Gulf Stream SST front using an atmospheric general circulation model and showed that it is convective precipitation that is sensitive to the SST fronts. Similarly, Tokinaga et al. (2009) reported tropospheric response to the Kuroshio Extension east of Japan, characterized by enhanced precipitation, frequent cloud occurrence, and enhanced lightning activities. These studies show that climatic influences of ocean currents and accompanied SST fronts extend much higher in the atmosphere than previously thought.
The Kuroshio leaves a visible warm tongue and an associated sharp SST front over the East China Sea, especially in winter and spring although the front is somewhat weaker than the Gulf Stream. Using high-resolution satellite measurements, Xie et al. (2002) reported that high winds, wind convergences, and increased cloudiness are found over the warm tongue on the warmer flank of the Kuroshio Front in the winter season, indicative of an oceanic-to-atmospheric influence. The question remains as to whether deep atmospheric responses like those along the Gulf Stream also exist over the East China Sea. The present study investigates SST frontal effects on precipitation over the East China Sea in spring. Using a suite of satellite measurements and a state-of-the-art atmospheric model, we find that the Kuroshio Front and accompanied warm tongue do induce deep convection activities over the East China Sea in spring.
The rest of the paper is organized as follows. Section 2 introduces the datasets used in the study. Section 3 presents the precipitation response to the Kuroshio SST front based on observations. Section 4 describes an atmospheric model and presents its simulations, and section 5 is a summary.
Data
In this study, we use two sets of TRMM satellite's Precipitation Radar (PR) datasets: the level 2 PR product 2A25 (Iguchi et al. 2000) and level 2 PR product 2A23 (Awaka et al. 1997) , both are version 6. The level 2 PR product 2A25 provides the gridded, three-dimensional (3D), and attenuation-corrected reflectivity factor and rainfall rate while the level 2 PR product 2A23 provides the categorization of the echo and precipitation as convective, stratiform, or other. The latter is a twodimensional product and does not have a vertical dimension. The PR 2A23 rain classifications are based on the combination of a vertical profile method (the V method) and a horizontal profile method (the H method) described by Awaka et al. (1997 Awaka et al. ( , 2007 . The V and H methods are first applied separately; then their unified result is used to classify the raining pixel into one of the three categories. The use of these two methods ensures that the rainfall amount derived from the other-type rain pixels is very small. A detailed description of this rain-type classification procedure can be found in the TRMM Science Data and Information System file specification under dataset 2A23 (see NASA Goddard Space Flight Center 2011). We use the TRMM PR product 2A23 to separate radar precipitation into convective and stratiform components. The 3D TRMM PR 2A25 precipitation rate data are interpolated, using the technique described in Houze et al. (2007) , from an irregular to a 3D geographic grid of 0.18 3 0.18 resolution in the horizontal and 0.25-km resolution in the vertical. To date, the TRMM PR datasets have been widely used and led to a greater understanding of precipitation processes and variability (e.g., Houze et al. 2007; Yang and Smith 2008; Romatschke et al. 2010) .
For surface precipitation, we use the TRMM 3B43 product, derived from TRMM and other satellite observations: geosynchronous infrared radiometer, Special Sensor Microwave Imager (SSM/I), rain gauge, and the TRMM 3B31 product based on the TRMM PR and microwave imager on a monthly 0.258 3 0.258 grid between 508S and 508N. The TRMM products are available at the Goddard Earth Sciences Data and Information Services Center.
The microwave scatterometer SeaWinds on the National Aeronautics and Space Administration (NASA) QuikSCAT satellite measures surface roughness that is converted to the equivalent neutral wind velocity over the global ocean. It has revealed rich wind structures on the shorter spatial scales around the world (Chelton et al. 2004; Xie 2004; Sampe and Xie 2007) . We use the monthly wind velocity product available at Remote Sensing Systems (RSS) on a 0.258 3 0.258 grid.
As an indicator of atmospheric convective activity, we use the monthly climatology of lightning activity observed by the Optical Transient Detector (OTD) onboard the Micro Laboratory-1 satellite from April 1995 to March 2000 and Lightning Imaging Sensor (LIS) onboard the TRMM satellite from January 1998 to December 2005. Christian et al. (2003) have reported that lightning is predominant in the North Atlantic and western North Pacific year-round as cold air blows over the warm ocean surface. The LIS/OTD merged monthly climatology is available at the NASA Global Hydrology Resource Center on a 0.58 3 0.58 grid.
Two SST analyses are produced daily on a 0.258 3 0.258 grid at NOAA's National Climate Data Center (NCDC) as described in Reynolds et al. (2007) and Reynold and Chelton (2010 We also use the monthly fields of vertical integrated diabatic heating rate and three-dimensional atmospheric heating rate from the Japanese 25-yr Reanalysis Project (JRA-25; Onogi et al. 2007 ) produced jointly by the Japan Meteorological Agency (JMA) and the Central Research Institute of Electric Power Industry. These fields are available on a 1.258 3 1.258 grid and 40 vertical levels from 1979 to 2004. The product is updated for the subsequent period using the same data assimilation system called the JMA Climate Data Assimilation System (JCDAS).
Monthly climatologies are constructed for TRMM precipitation rate, QuikSCAT surface wind velocity, NCDC SST, and JRA-25 atmospheric heating rate for a common period from January 2000 to December 2008.
Observational analysis
a. Surface wind and precipitation As in winter, the Kuroshio leaves a warm tongue in the SST field between the continental shelf and Ryukyu Islands (around 26.38N, 127.78E) in the spring season (Fig. 1) . Off the Chinese coast, a northward-directing warm tongue exists and can be traced up to 318N. A more pronounced warm tongue exists to the northeast, facing westward west of Cheju Island (33.58N, 126.68E), Korea, and then pointing north in the Yellow Sea. Between these southwest and northeast warm tongues is a southeastward cold tongue. As a result, a sharp SST front-the Kuroshio Front-forms between the warm Kuroshio and the cold shelf water. Xie et al. (2002) proposed that similar SST structures exist in winter and are mainly controlled by the submerged ocean bottom topography through intense vertical mixing. This vertical mixing mechanism may also work in spring.
On seasonal average, the spring surface winds are northerly to northeasterly over the Yellow and East China Seas (Fig. 1b) . The QuikSCAT wind speed shows a clear association with SST, with high (low) wind speed observed over the warm (cold) tongue. In particular, the local wind speed maximum (minimum) along the northeast warm (cold) tongue is unlikely to be due to the orographic effect over land because it is sufficiently far from the coast. To the south along the warmer flank of the Kuroshio Front, a wind speed maximum is located 100-200 km from the rather flat island of Okinawa, again a likely effect of SST rather than orography. This in-phase relationship between SST and surface wind speed is indicative of SST influencing the atmosphere (Xie 2004) . There are three mechanisms on SST variations affecting the atmosphere. First, on the warmer flank of an SST front, a decrease of atmospheric stability intensifies vertical mixing and brings fast-moving air from aloft to accelerate the surface wind (Wallace et al. 1989; Xie et al. 1998) . Second, the SST increase warms the atmospheric boundary layer by sensible and latent heat and lowers sea level pressure (SLP). The resultant SLP gradient causes wind adjustment (Lindzen and Nigam 1987; Small et al. 2003) . Third, the enhanced mixing leads to enhanced surface stress, which could be responsible for some of the in-phase relationship between SST and the neutral wind speed estimated by QuikSCAT. However, while the actual value of nearsurface wind may differ from QuikSCAT, the actual divergence/convergence patterns are expected to be similar. This is investigated further in section 4. Figure 1c presents the seasonal mean convergence of equivalent neutral wind velocity at 10 m, estimated from QiukSCAT observations. Wind convergence (divergence) is found on the warmer (colder) flank of the Kuroshio Front. In particular, the wind convergence follows the main warm tongue that meanders from the southern tip of Kyushu Island all the way to the southeast coast of Japan. Upon closer inspection, wind convergence (divergence) tends to take place where the wind blows down-(up-) SST gradient over the Yellow and East China Seas, a phase relation consistent with vertical mixing argument.
Over the warmer part of the East China Sea, precipitation is markedly modulated by SST (Fig. 1a) . In particular, large precipitation is observed on the warmer flank of the Kuroshio Front, with enhanced precipitation just around the warm tongue of the Kuroshio. Conversely, a reduction in precipitation is found over the cold tongue. The enhanced precipitation over the main warm tongue and the Kuroshio is highly correlated with the surface wind convergence, which is mainly controlled by the SST gradient (Fig. 1c) . ), the warm Kuroshio over the East China Sea anchors a distinctive convective rainband, although SSTs along the warm tongue are far below 268-278C-a SST threshold for deep convection in the tropics, depending upon region and season (Graham and Barnett 1987; Sud et al. 1999) . The convective rainband is mostly pronounced in the spring season, with enhanced convective precipitation around the axis of the Kuroshio (Fig. 2a) . Convective precipitation rates in autumn also show a convective rainband but with weaker magnitude (not shown). The close collocation among the convective rainband, Kuroshio warm current, and its associated Kuroshio Front indicates that the convective activities are not only related to the magnitude of SST, but they are also related to SST gradients, which induce wind convergence on the warmer flank of the Kuroshio Front.
b. Convective and stratiform precipitation
In contrast to the narrow convective rainband, stratiform precipitation exists extensively over the western North Pacific. The stratiform precipitation also reaches its maximum along the main warm tongue of the Kuroshio, forming a stratiform rainband. However, large stratiform precipitation appears over both sides of the Kuroshio and the Kuroshio Extension off the east coast of Japan where the SSTs are relatively low. Previous studies have shown an interaction between SST and low cloudiness over the western North Pacific, characterized by negative correlation: a SST decrease increases low cloudiness owing to strengthened atmospheric stratification, reducing solar radiation at the sea surface and amplifying the initial cooling (Klein and Hartmann 1993; Norris et al. 1998 ). Additionally, atmospheric thermal advection also plays an important role in determining the cloud type over the western North Pacific (Norris 1998a,b; Norris and Iacobellis 2005) . Northerly-induced cold advection over the SST gradient tends to produce cumulus and stratocumulus clouds by developing an inversioncapped MABL while southerly-induced warm/moist advection over the northward-decreasing SST, on the other hand, increases the stratification of the surface layer, forming sea fog.
The relationship between convective/stratiform precipitation and the main warm Kuroshio can be better seen in the frequency occurrences of the convective and stratiform rainfall (Fig. 3) . Clearly, the warm Kuroshio anchors a high-frequency occurrence band of convective precipitation, which follows the Kuroshio warm tongue from the warm waters east of Taiwan to the northeastern East China Sea. The high-frequency band of stratiform precipitation, however, is confined to the northern part of the Kuroshio over the northeastern East China Sea. It generally shifts to the cold side of the warm Kuroshio as it extends southward. It is noteworthy that the frequency of stratiform precipitation occurrence is much higher than (;8 times as large as) that of convective precipitation (note different color bar in Figs. 3a,b) . Additionally, the highest convective rainfall frequency over the warm waters east of Taiwan Island is probably related to orographic effect of the narrow Central Mountain Range along the east coast of Taiwan Island. Xie et al. (2006) found that narrow mountain ranges are an important organizing agent anchoring the Asian summer monsoon convection centers on the windward side. Similarly, as the northeasterly wind impinges on the narrow north-south-oriented Central Mountain Range, moistureladen air is forced to rise, causing intense convection on the windward side. Figure 4 presents vertical cross sections of conditional convective/stratiform precipitation rates along the line AB as shown in Fig. 2a . The conditional precipitation rate is the precipitation rate conditioned on rain and rain type (Hirose and Nakamura 2002) . As shown before, the observed frequency of convective precipitation occurrence is much less than that of stratiform precipitation occurrence, however, convective precipitation rate is much larger than the stratiform precipitation rate. Both convective and stratiform precipitation rates reach their maximum just above the warm SST peak around (28.98N, 127.68E) while decreasing on its both sides. Note that stratiform precipitation mainly occurs in the midlower troposphere below 7 km in the vertical while convective precipitation reaches much higher altitudes. In particular, the convective precipitation top reaches as high as 10 km above the warm Kuroshio (Fig. 4b) . Lightning observations by the LIS/OTD support springtime convection over the Kuroshio (Fig. 5) . Notably, springtime lightning flash rate displays a local maximum along the Kuroshio, closely collocated with enhanced convective precipitation and its frequency occurrence. These results indicate that deep convection frequently occurs there in spring.
c. Atmospheric heating
Results in the previous subsections show that deep convection occurs along the main Kuroshio in the spring season. It is interesting, therefore, to examine atmospheric heating features. JRA-25/JCDAS provides the three-dimensional atmospheric heating rate in the following five components: advection, convective heating, large-scale condensation, vertical diffusion, and solar and longwave radiative heating rates. For simplicity, the sum of convective and large-scale condensational heating rates is referred to as latent heating. The vertical diffusion includes the sensible heat flux from the surface and is referred to as sensible heating. We focus on the latent and sensible heating rates, as they are much larger than the net radiative heating rates. Figure 6a presents the spring climatologies of JRA-25/ JCDAS column-integrated diabatic heating for 2000-08. Consistently, the total column diabatic heating displays a distinctive heating band along the Kuroshio over the . This high heating band slightly shifts to the east of the main Kuroshio warm tongue probably because of the coarse resolution of JRA-25 dataset on a 1.258 3 1.258 grid. Vertical profiles of the diabatic heating rate over the Kuroshio (rectangle in Fig. 6a) show that sensible heating is observed below 900 hPa in spring, while latent heating, mainly due to convection, occurs above 900 hPa and gradually increases in magnitude above 800 hPa (Fig. 6b) and reaches its maximum around 500 hPa. The convective heating displays a minor peak between 800-900 hPa and a second major peak in the midtroposphere (400-500 hPa). The spring upward motion over the main Kuroshio also exhibit deep vertical penetration and is highly visible in the whole troposphere (Fig. 6b) . The upward motion increases in magnitude above 900 hPa and reaches its maximum in the middle troposphere (around 500-600 hPa). These middle-tropospheric maxima of convective heating and upward motion in this region are consistent with the aforementioned observed strong convective precipitation and enhanced lightning activities (Fig. 5) .
Modeling a. Model and experimental design
We use the Weather Research and Forecasting (WRF) model (version 3.1.1, Skamarock et al. 2008 ) to examine the spring Kuroshio's effect on the overlying atmosphere over the East China Sea. The model domain is 208-408N, 1148-1408E. The model uses a horizontal resolution of 15 km and has 50 sigma levels in the vertical. We choose the following parameterizations: the Purdue Lin microphysical parameterization (Chen and Sun 2002) , the Rapid Radiative Transfer Model (Mlawer et al. 1997 ) and Dudhia (Dudhia 1989 ) schemes for longwave and shortwave radiation calculation, the Yonsei University (YSU) planetary boundary layer scheme (Hong et al. 2006) , Noah land surface scheme (Chen and Dudhia 2001) , and the Kain-Fritsch scheme for cumulus parameterization (Kain 2004; Kain and Fritsch 1990, 1993) . The Monin-Obukhov similarity theory as the surface layer scheme is used to calculate friction velocities, exchange coefficients, and sea surface fluxes. A convective velocity following Beljaars (1994) is used to enhance surface fluxes of heat and moisture. Surface exchange coefficients for heat, moisture, and momentum are estimated using stability functions from Paulson (1970) , Dyer and Hicks (1970) , and Webb (1970) .
The initial and lateral boundary conditions are obtained from the National Centers for Environmental Prediction (NCEP) Operational Global Final Analyses (FNL) dataset, available on a 18 by 18 grid with 26 vertical pressure levels from 1000 to 10 hPa. They are interpolated onto the model grids by cubic spline interpolation in the horizontal and linear interpolation in both the vertical and time based on 4 times daily analysis. For the sake of comparisons, the WRF model does not assimilate any QuikSCAT winds. Over the ocean, the NCDC AHVHRR 1 AMSR optimally interpolated daily SSTs on a 0.258 by 0.258 grid are used as the lowerboundary condition.
To examine the effect of the Kuroshio on the overlying atmosphere, we perform two experiments, one with observed SST featuring a warm tongue and an associated Kuroshio SST front over the East China Sea (Fig. 7b) , and one with the SST field heavily smoothed such that the SST warm tongue and the associated Kuroshio Front are removed (Fig. 7c) . We apply a two-dimensional, 9-point averaging for 200 times to smooth the SST field across the SST warm tongue. Here, we refer the first experiment as ''control (CTL) run'' and the second one as ''smoothed SST (SmSST) run'', respectively. The two-month mean SSTs in the CTL run exceed the SST threshold (268-278C) of convective precipitation over the southwest East China Sea northeast of Taiwan, however, the SSTs are below the threshold over the main warm tongue, especially over the analysis region of line AB as shown in Fig. 2a . Each run is initialized at 0000 UTC on 26 March 2006 and integrated through the end of May 2006. We discuss the April-May two-month means, based on 3-hourly model outputs.
b. Precipitation
Figure 7 presents the two-month (April-May 2006) mean precipitation for 3B43 observation, model CTL, and SmSST runs. In April-May, major precipitation over the western North Pacific occurs in a southwestnortheast-oriented band over the Kuroshio warm tongue in the East China Sea, a feature that the model reproduces reasonably well. However, the simulated rainband is stronger and wider than the observed one, especially over the Taiwan Island and its surrounding areas. The model also overestimates precipitation over Southeast China.
With the Kuroshio warm tongue and accompanied front over the East China Sea removed in SmSST run, the precipitation band along the Kuroshio warm tongue completely disappears (Fig. 7c) . The effect of the Kuroshio on the overlying precipitation can be better seen in the difference field between the CTL and SmSST runs (Fig. 8a) . A nearly southwest-northeast-oriented band of positive rainfall anomalies is just sitting on the Kuroshio, indicating that the Kuroshio acts to initiate precipitation there.
As discussed earlier, the TRMM 2A25 product distinguishes convective and stratiform precipitation from the vertical structure of precipitation radar echo (Iguchi et al. 2000) . Precipitation in the WRF model can also be classified as being either convective (generated from the subgrid-scale cumulus parameterization scheme) or stratiform (from the resolved grid-scale microphysical scheme). The former follows the Kain-Fritsch cumulus parameterization (Kain 2004) , utilizing a simple cloud model with moist updrafts and downdrafts, including the effects of detrainment, entrainment, and relatively simple microphysics; and the latter considers six classes of hydrometeors (water vapor, cloud water, cloud ice, snow and graupel). Although these classifications are not strictly equivalent, convective precipitation from the WRF cumulus parameterization scheme can be considered as resulting from convectively unstable situations. Figure 8b shows the simulated convective precipitation difference between the CTL and SmSST runs. Comparison of Fig. 8a and Fig. 8b clearly shows that the convective precipitation difference pattern is almost the same as the total precipitation difference pattern, indicating that it is cumulus convection not stratiform precipitation that is sensitive to the Kuroshio SST front and predominantly contributes to the narrow precipitation band formation in the CTL run. Our result presented here is consistent with the result of KuwanoYoshida et al. (2010) , who investigated the precipitation response to the Gulf Stream using an atmospheric general circulation model and found that it is convective precipitation that is sensitive to SST gradients. 
c. Surface winds, convergence, and vertical motion
The QuikSCAT measures wind stress on the sea surface. The stress is not just related to background wind speed at some height above the surface but also to the static stability of the surface layer (Liu and Tang 1996) . In the QuikSCAT product, the stress is related uniquely to neutral equivalent wind at 10 m. For this reason the neutral equivalent wind speed at 10 m is used to compare the model and observed values of wind velocity near the surface. We derive the model neutral equivalent 10-m wind speed as follows:
where k is von Ká rmá n constant. The friction velocity u* and the roughness length z 0 are derived from the model data at the lowest model sigma level (s 5 0.996, at around 31 m) and the known SST distributions, using the Fairall et al. (1996) surface layer algorithm. Figure 9 presents the two-month (April-May 2006) mean 10-m surface neutral equivalent wind field and associated divergence from QuikSCAT observation, model CTL, and SmSST runs. The model (CTL run) simulates well the surface wind and divergence fields (Fig. 9b) in comparison with those from the QuikSCAT observations (Fig. 9a) . In particular, the model well captures the enhanced (reduced) wind speed and convergence (divergence) fields over the warm (cold) tongue. However, the model produces higher (lower) surface wind speed by 0.4 m s 21 over the warm (cold) tongue compared to the QuikSCAT observations. This difference is possibly due to the weak response of vertical turbulent mixing to SST-induced variability in the parameterization of boundary layer turbulence (Song et al. 2009 ). In addition, the strong underlying surface currents in this region could also contribute to the surface wind differences between WRF and QuikSCAT because QuikSCAT measures the actual wind stress on the moving sea surface rather than relative to a stationary sea surface (O'Neill et al. 2005) , while the sea surface in the WRF model is set to be motionless. As pointed out in section 3a, the actual value of near-surface wind may differ from the surface neutral equivalent wind speed. Thus we compare the twomonth mean 10-m neutral equivalent wind speed with the unadjusted 10-m wind speed simulated by the WRF model (not shown). The neutral equivalent wind speed fields are similar to those of the unadjusted wind speed, with high (low) surface wind speed over the warm (cold) tongue and large wind speed changes across the Kuroshio SST front except that the neutral equivalent wind speed is larger than the unadjusted wind speed by ;0.5 m s
21
. With the Kuroshio warm tongue removed in the SmSST run, the surface wind and convergence distributions are markedly changed (Fig. 9c) . Without the warm and cold tongues, the surface winds become smooth in space, in contrast to the large variations in the CTL run. In particular, the aforementioned high wind speed and convergence fields along the Kuroshio warm tongue almost disappear. The effect of the Kuroshio warm tongue can be seen more clearly in the difference map between the CTL and SmSST runs (Fig. 8c ). An increase in SST along the warm tongue is collocated with an increase in both surface wind speed and surface convergence, indicating that the Kuroshio acts to increase surface wind speed and thus enhance surface convergence. This enhanced surface convergence along the warm tongue is consistent with the increased precipitation shown in Fig. 8a . Figure 10 shows vertical cross sections of the twomonth (April-May 2006) mean vertical velocity along the line AB for the CTL and SmSST runs. Consistent with the surface convergence fields in the CTL run (Fig. 9b) , strong upward motion occurs in the middle and upper troposphere just above the Kuroshio warm tongue (Fig.  10a) , with a maximum upward motion center at an altitude of 7 km. With the Kuroshio warm tongue removed in the SmSST run, the aforementioned upward motion is markedly reduced and the associated maximum upward motion center also disappears (Fig. 10b) . The effect of the Kuroshio warm tongue on vertical motion can be seen more clearly in the difference map between the CTL and SmSST runs (Fig. 10b) , with marked positive anomalies in the middle and upper troposphere, indicative of deep atmospheric response along the Kuroshio.
d. Cumulus convection analysis
Analyses in the previous subsections suggest that it is cumulus convection not stratiform precipitation that is sensitive to the Kuroshio SST front and predominantly contributes to the narrow precipitation band formation. This subsection investigates the mechanisms by which the Kuroshio SST front anchors cumulus precipitation. Here, we consider an eastward-moving extratropical cyclone case for the period of 4-8 May 2006. This cyclone first develops over mainland China, then moves eastward and produces rainfall over the East China Sea. Figure 11 shows the evolution of convective and stratiform precipitation in the distance-time sections along line AB in Fig. 2a , together with surface winds, upward sensible and latent heat fluxes, SST and surface air temperature (SAT) difference, and convective available potential energy (CAPE).
1 CAPE is calculated using 3-hourly output by following a parcel that is adiabatically raised from 950 hPa to the level of neutral buoyancy. As shown in Fig. 11 , before the extratropical cyclone reaches the Kuroshio Front, southeasterly winds prevail over the East China Sea. Over the colder side of the SST front, these surface southeasterlies cause warm advection and stabilize the surface layer, with negative SST-SAT and downward (i.e., negative) sensible heat flux (Fig. 11a) . At this time stratiform precipitation dominates over these regions (Fig. 11b) . However, along the narrow Kuroshio warm current, relatively cold air advected by the southeasterly winds from its southeastern side turns SST-SAT positive to yield upward (i.e., positive) sensible and latent heat fluxes, destabilizing the lower troposphere. Upward surface latent and sensible heat fluxes reach their local maxima of over 60 and 315 W m 22 , respectively, just south of the SST front. As the extratropical cyclone and accompanied northwesterlies approach the Kuroshio Front, convective precipitation is initiated and lasts for more than two days. This convective activity is highly collocated with a high CAPE center.
The evolutions of the SST-SAT, upward sensible heat flux, and stratiform precipitation over the colder flank of Kuroshio Front in the SmSST run are almost the same as in the CTL run, however, they change markedly over the warmer flank (Fig. 12) . Both the upward sensible and latent heat fluxes decrease in magnitude and spread broadly over the warmer side. Convective precipitation still appears in the SmSST run but substantially decreases in its intensity compared to that in the CTL run and only lasts one and half days, half a day less than in the CTL run. Moreover, the area of convective precipitation shifts southeastward, not confined spatially over the narrow Kuroshio as in the CTL run. A CAPE center still exists in the SmSST run, but substantially decreases in its magnitude, consistent with weak convective precipitation in the SmSST run.
CAPE is frequently regarded as an indicator of the potential intensity of deep convection. Variations in CAPE can be accounted for mostly by changes in the temperature and humidity in the planetary boundary layer (Donner and Phillips 2003) . Figure 13 presents the 950-hPa temperature and specific humidity differences between the CTL and SmSST runs at 0012 UTC 6 May, when CAPE reaches its maximum in the CTL run. It is found that positive temperature and humidity anomalies are collocated with the underlying positive SST anomalies, that is, the Kuroshio warm tongue in the East China Sea, indicating that the increased CAPE in the CTL run is mainly due to the increased temperature and humidity in the lower troposphere through the enhanced upward sensible and latent heat fluxes along the Kuroshio.
Summary
In the spring season, the Kuroshio warm current leaves a visible warm tongue and an associated sharp SST front over the East China Sea. Here, we examine the atmospheric response to this Kursohio front based on a suite of high-resolution satellite data and highresolution atmospheric model simulations. The atmospheric response to the Kuroshio Front appears to extend beyond the marine atmospheric boundary layer, with frequent occurrence of cumulus convection.
In spring, QuikSCAT wind speed shows a clear association with SST, with high (low) wind speed observed over the warm (cold) tongue. This in-phase relationship between SST and surface wind speed is indicative of SST influencing the atmosphere. Strong surface neutral wind convergence is found on the warmer flank of the Kuroshio Front, accompanied with a narrow precipitation band. The TRMM 2A25 product, which distinguishes convective and stratiform precipitation from the vertical structure of precipitation radar echo, indicates that cumulus convection appears over the Kuroshio warm tongue in the spring season, with enhanced convective precipitation, frequent occurrence of cumulus convection, and high precipitation (cloud) tops in altitude. These deep convection activities along the Kuroshio warm tongue are further supported by enhanced lightning flash rate by the LIS/OTD and atmospheric heating estimated by the Japanese reanalysis dataset, characterized by latent heating in the middle and upper troposphere due to deep convection.
The WRF model is used to investigate the atmospheric response to the Kuroshio SST front over the East China Sea, with a focus on mechanisms responsible for the formation of the narrow precipitation band on the warmer flank of the front. The CTL run, forced with high-resolution observed SSTs, reproduces major features of surface wind speed, precipitation, and surface wind convergence over the Kuroshio warm tongue similar to satellite observations. The SmSST run with smoothed SST, by contrast, failed to simulate several key observed features, particularly with the narrow precipitation band completely disappeared. It is the convective precipitation that is sensitive to the Kuroshio SST front. A case study for an eastward-moving extratropical cyclone indicates that convective precipitation increases in its intensity and duration in the CTL run compared to that in the SmSST run. This demonstrates that the SST front in the CTL run creates the narrow band of convective precipitation closely following the Kuroshio. Local enhancement of upward sensible and latent heat fluxes and convective instability in the lower troposphere along the warm Kuroshio are the key to anchoring the precipitation band.
Several other recent studies have reported similar modulation of surface wind convergence, cloud, and lightning by the Kuroshio Extension fronts (Joyce et al. 2009; Tokinaga et al. 2009 ). Tokinaga et al. (2009) showed deep penetration of upward motion in summer over the Kuroshio Extension, accompanied by frequent cloud-top occurrence around 400 hPa. The deep atmospheric response over the Gulf Stream is much more pronounced than that over the Kuroshio Extension because of sharper SST gradients with warmer SSTs from FIG. 13 . Difference in (a) 950-hPa temperature (contours at intervals of 0.48C with 0 contour omitted) and (b) specific humidity (contours at intervals of 0.4 g kg 21 with 0 contour omitted) at 1200 UTC 6 May between the CTL and SmSST runs. The corresponding SST (8C) difference between CTL and SmSST runs is also plotted in shade.
the Gulf Stream, larger cross-frontal changes in the surface heat flux, and surface wind convergence (Minobe et al. 2008; Minobe et al. 2010) . Very recently, KuwanoYoshida et al. (2010) investigated the atmospheric response to the Gulf Stream using an atmospheric general circulation model. They showed that the Gulf Stream's effect on precipitation is mainly convective and that local enhancement of evaporation and surface convergence makes the Gulf Stream a favorable place for long-lasting convection in both winter and summer. In one of their experiments that removes the Gulf Stream SST front, the local enhancement of convective precipitation disappears along the Gulf Stream, consistent with our modeling results.
